Musashi (Msi) proteins are an evolutionarily conserved group of RNA-binding proteins, required for targeted control of mRNA translation during many important developmental processes in animals. Most notably, Msi proteins play important roles during both spermatogenesis and oogenesis. Msi proteins also exist in plants but these are largely uncharacterized. Here we report the functional characterization of an Arabidopsis Msi ortholog ABORTED GAMETOPHYTE 2 (AOG2), which encodes a protein containing two RNA recognition motifs and an ER-targeting signal. AOG2-GFP translational fusions were localized to the ER in transient assays, suggesting that AOG2 most likely binds to ER-targeted mRNAs.
Msi proteins also play an important role during gametogenesis, and the role of Musashi-2 (Msi-2) in both spermatogenesis and oogenesis has been well described. For example, in mice, Msi-2 is highly expressed in meiotic spermatocytes and differentiating spermatids and is Here we report the functional characterization of ABORTED GAMETOPHYTE 2 (AOG2), a Msi-related protein in Arabidopsis. Loss of function mutant phenotypes reveal that AOG2 is required for both male and female gametophyte development, and for embryogenesis.
Notably, asymmetric cell divisions are perturbed during pollen mitosis I, leading to loss of pollen viability in mutant plants. A role for Msi-related genes in both the establishment of asymmetry and the formation of gametes is thus conserved in animals and plants.
RESULTS & DISCUSSION

Eight Msi orthologs are present in the Arabidopsis genome
To identify Msi2 orthologs in Arabidopsis, Orthofinder software (Emms & Kelly, 2015 ) was used to interrogate 11 genome sequences representing fungi, invertebrate and vertebrate animals, algae, plus non-flowering and flowering (both monocot and eudicot) plants. An orthogroup of 46 sequences was identified and aligned using Mergalign (Collingridge & Kelly, 2012) (Data S1-S3). Phylogenetic inference revealed an early duplication in the ophistokont lineage that generated separate Msi and Daz-associated protein (Dazap) clades, both of which are retained in the four animal genomes investigated (Figure 1 ). An early duplication is also inferred in the archeoplastida lineage. One of the resultant clades ('plants I') comprises single Arabidopsis (At1g17640) and moss (Physcomitrella patens) genes plus duplicated algal (Chlamydomonas reinhardtii) and monocot (Oryza sativa, Sorghum bicolor) genes. One of the Msi genes from C. reinhardtii (Cre12.g560300.t1.2) has previously been shown to play a role in thermal signalling but phylogenetic analyses in the same study did not identify the second reporter. The ORF-GFP fusion protein was diffusely localised to the cytoplasm of pollen grains ( Figure S1 ). Based on these observations, we hypothesized that the Arabidopsis Msi2 ortholog plays a role in pollen development.
The Arabidopsis Msi2 ortholog AOG2 encodes a non-nuclear RNA-binding protein The Msi2 ortholog At3g07810, which we named ABORTED GAMETOPHYTE 2 (AOG2), encodes a protein of 495 amino acid residues with two RNA recognition motifs (RRM) at the N terminus, both of which are very similar to those in human Msi2 (73.7% RRM1, 66.7% RRM2 (Figure 3a , Figure S2 ). An endoplasmic reticulum (ER) targeting signal was identified within RRM2 (using LocSigDB; Negi et al., 2015) , and translational fusions with the reporter protein GFP were targeted to the ER in transient protoplast assays (Figure 3b ). AOG2 therefore most likely binds to ER-localized RNAs in Arabidopsis and given the known function of animal orthologs most likely inhibits translation of the bound transcripts.
Gametophyte development is perturbed in aog2 mutants
To determine the function of AOG2 in planta, a T-DNA insertion line was obtained from the (Figure 4d ). Given that reduced seed-set is observed in heterozygous plants, the aog2-1 mutant allele either has a dominant effect in the diploid embryo or a recessive effect in the haploid gametophytes. Pollen-preferential AOG2 expression in WT plants, reduced AOG2 transcript levels in pollen from aog2-1/AOG2 plants, and the observed seed-set phenotype are all consistent with a role for AOG2 in Arabidopsis gametophyte development.
Transmission through both male and female gametes is perturbed in aog2 mutants
To test whether the reduced seed-set in aog2-1/AOG2 heterozygotes resulted from compromised male (pollen) and/or female (megagametophyte) function, transmission efficiencies were quantified. The progeny of reciprocal test crosses between aog2-1/AOG2
and WT plants were genotyped for the presence of the mutant aog2-1 allele, and the transmission efficiency was deduced by calculating the percentage of aog2-1/AOG2 individuals in the offspring. Only 32.6% of male gametes and 26.3% of female gametes carrying the aog2-1 mutation were successfully transmitted to the next generation ( Figure 5a ).
As such, AOG2 is required for both male and female gametophyte development.
To characterize the homozygous mutant phenotype, F2 progeny of self-pollinated aog2-1/AOG2 heterozygotes were analysed. Strikingly, no homozygous individuals were recovered in the offspring of aog2-1/AOG2 plants. To determine whether defective transmission of the aog2-1 allele was sufficient to account for this finding, the frequencies of WT, heterozygous and homozygous individuals amongst self-progeny of aog2-1/AOG2 plants were predicted on the basis of the quantified transmission efficiencies (Figure 5b , 5c). In a genotyped population of over 500 F2 progeny, heterozygote frequency was as predicted (41.7% predicted versus 40.2% observed) and WT frequency was higher than expected (49.7% predicted versus 59.8% observed). Homozygous individuals were not identified despite a predicted frequency of 8.6%
(i.e. 45 individuals in the population tested). This observation indicates that in addition to roles in gametophyte development, AOG2 function may be required for development of the diploid embryo.
To confirm that loss of AOG2 function was responsible for the gametophyte and embryo defects observed in mutant plants, aog2-1/AOG2 plants were transformed with a construct in which 2.2kb of the AOG2 promoter was used to drive expression of the AOG2 coding sequence. In segregating T2 populations, homozygous aog2-1/aog2-1 individuals that also contained the transgene were viable, confirming that the transgene complemented gametophyte defects. However, the silique length in these aog2-1/aog2-1/AOG2 individuals was less than that seen in aog2-1/AOG2 heterozygotes (Figure 6a-e) . This observation suggests either that the silique phenotype is influenced by the proportion of mutant and WT alleles present, or that the regulatory sequences (promoter and/or UTRs) used in the transgene construct were not sufficient to replicate the spatial and temporal patterns of AOG2 expression that are required to fully complement the aog2-1 mutation.
AOG2 is required for both female gametophyte and embryo development
To investigate how loss of AOG2 function specifically affects female gametophyte 
AOG2 is required for pollen mitosis I
To determine the role of AOG2 in male gametophyte development, pollen viability was first observed using Alexander staining, which stains the cytoplasm of viable pollen grains red and that of non-viable or aborted grains green (Figure 8a-c To confirm that aog2-1 pollen is unable to undergo normal pollen mitosis, cryostat-sectioned anthers were DAPI stained. In samples from aog2-1/AOG2 plants, normal PMI was observed in approximately half of the microspores observed but in the other half a symmetric cell division gave rise to two nuclei of unknown fate (Figure 8h-k) . Microspores that exhibited defects in PMI did not proceed beyond the vacuolar microspore stage. Collectively these results demonstrate that AOG2 is required for the asymmetric cell division at PMI that produces the vegetative and generative cells, and that loss of function leads to loss of pollen viability.
Conclusion
The aog2-1 mutant phenotypes, namely disrupted asymmetric cell division during PMI, Segregating aog2-1 lines were genotyped using AOG2_LP and AOG2_RP primers to detect the WT allele), and LBa1 and AOG2_RP primers to detect the mutant allele. Primers were designed using the T-DNA Primer Design tool (SIGnAL). The primers AOG2_LP and AtMSI2_intron_2R were used to detect the presence of the WT allele in rescue lines.
Reciprocal crosses
To determine transmission of the mutation through the female, aog2-1/AOG2 mutant plants were cross-pollinated with WT pollen. To determine transmission of the mutation through the male, WT plants were cross-pollinated with aog2-1/AOG2 pollen. Progeny of crosses were genotyped by PCR to check for genetic segregation.
RNA isolation and quantitative PCR
Total RNA was prepared from pollen grains using the RNeasy plant kit (Qiagen). 1 µg RNA was DNase treated (TURBO DNase, Ambion) and then cDNA was synthesised using Superscript III reverse transcriptase (Invitrogen). 
Cloning and construct generation
To generate the AOG2 rescue construct, the AOG2 promoter sequence was amplified from WT Col-O genomic DNA using pAOG2FSalI and pAOG2RBamHI and inserted into SalI/BamHI cut pBJ36 (Eshed et al., 2001 ) to create AOG2pro-ocs3'. The full-length AOG2 coding region was amplified from cDNA prepared from flower mRNA using AOG2StartBamHI
and AOG2RinclStopXbaI, and inserted into BamHI/XbaI cut AOG2pro-ocs3' to create To generate the AOG2pro:AOG2-GFP reporter construct, the AOG2 promoter sequence was amplified from WT Col-O genomic DNA using pAOG2FSalI and pAOG2RBamHI and inserted into SalI/BamHI cut pGreen (Hellens et al., 2000) to create AOG2pro-GFPter. The full-length AOG2 coding region (without the stop codon) was amplified from cDNA prepared from flower mRNA using AOG2StartBamHI and AOG2-StopNotI and inserted into BamHI/NotI cut AOG2pro-GFPter to create AOG2pro::AOG2-GFPter.
Transient assays protoplasts
10µg AOG2pro:AOG2-GFP reporter construct was transiently transformed into protoplasts isolated from Physcomitrella patens as described in Moody et al. (2012).
Silique measurements and seed counts
Length measurements and seed counts were carried out for ten siliques derived from the primary inflorescence of each of three plants and repeated three times. Mature siliques were harvested and cleared in clearing solution (0.2 M NaOH, 1 % SDS).
Isolation of mature pollen grains
Mature pollen grains were isolated from stage 13 flowers (Sanders et al., 1999). Flowers from approximately ten plants were collected and placed into 500 ml flasks containing 100 ml icecold 0.3 M mannitol, and then vigorously shaken by hand for approximately 3 minutes. Pollen suspensions were then filtered through a 100 µm nylon mesh into 50 ml falcon tubes. Pollen grains were harvested by centrifugation at 5000xg for 15 minutes. This step was repeated until all the pollen suspension had been used. After the final centrifugation, 2 ml of 0.3 M mannitol was left in the bottom of the tube and used to resuspend the pollen pellet and transfer it to a 2 ml eppendorf tube. The pollen grains were collected by centrifugation at maximum speed for 1 minute and then frozen in liquid nitrogen.
DAPI staining
Pollen grains were harvested by centrifugation and resuspended in phosphate buffered saline (PBS) containing 2 µg/ml DAPI. Pollen grains were incubated overnight at room temperature in the dark. DAPI stained pollen grains were then imaged in a drop of water using a confocal microscope.
Calcofluor staining
Embryos and seed coats were separated using fine tweezers. Embryos were then submerged in a 10 µg/ml calcofluor solution for 5 min, rinsed with water and then visualised using confocal microscopy.
Alexander staining and determination of pollen viability
Anthers were removed from mature flowers (stage 13, Sanders et al., 1999) and placed onto a microscope slide. A drop of Alexander staining solution was added using a Pasteur pipette.
Alexander staining solution was prepared as previously described (Peterson et al., 2010).
Stained pollen grains were observed using a Leica M165C microscope equipped with a QImaging Micropublishing 5.0 RTV camera. Two anthers were selected for each of three flowers per plant (three plants in total).
Microscopy
Fluorescence microscopy was carried out with a Zeiss LSM510 META confocal microscope. CSLM 410 (Brown and Lemmon, 1995) .
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